Nitrogen metabolism in bacteria and archaea is regulated by a ubiquitous class of proteins belonging to the P II family. P II proteins act as sensors of cellular nitrogen, carbon, and energy levels, and they control the activities of a wide range of target proteins by protein-protein interaction. The sensing mechanism relies on conformational changes induced by the binding of small molecules to P II and also by P II posttranslational modifications. In the diazotrophic bacterium Azospirillum brasilense, high levels of extracellular ammonium inactivate the nitrogenase regulatory enzyme DraG by relocalizing it from the cytoplasm to the cell membrane. Membrane localization of DraG occurs through the formation of a ternary complex in which the P II protein GlnZ interacts simultaneously with DraG and the ammonia channel AmtB. Here we describe the crystal structure of the GlnZ-DraG complex at 2.1 Å resolution, and confirm the physiological relevance of the structural data by site-directed mutagenesis. In contrast to other known P II complexes, the majority of contacts with the target protein do not involve the T-loop region of P II . Hence this structure identifies a different mode of P II interaction with a target protein and demonstrates the potential for P II proteins to interact simultaneously with two different targets. A structural model of the AmtB-GlnZDraG ternary complex is presented. The results explain how the intracellular levels of ATP, ADP, and 2-oxoglutarate regulate the interaction between these three proteins and how DraG discriminates GlnZ from its close paralogue GlnB.
Nitrogen metabolism in bacteria and archaea is regulated by a ubiquitous class of proteins belonging to the P II family. P II proteins act as sensors of cellular nitrogen, carbon, and energy levels, and they control the activities of a wide range of target proteins by protein-protein interaction. The sensing mechanism relies on conformational changes induced by the binding of small molecules to P II and also by P II posttranslational modifications. In the diazotrophic bacterium Azospirillum brasilense, high levels of extracellular ammonium inactivate the nitrogenase regulatory enzyme DraG by relocalizing it from the cytoplasm to the cell membrane. Membrane localization of DraG occurs through the formation of a ternary complex in which the P II protein GlnZ interacts simultaneously with DraG and the ammonia channel AmtB. Here we describe the crystal structure of the GlnZ-DraG complex at 2.1 Å resolution, and confirm the physiological relevance of the structural data by site-directed mutagenesis. In contrast to other known P II complexes, the majority of contacts with the target protein do not involve the T-loop region of P II . Hence this structure identifies a different mode of P II interaction with a target protein and demonstrates the potential for P II proteins to interact simultaneously with two different targets. A structural model of the AmtB-GlnZDraG ternary complex is presented. The results explain how the intracellular levels of ATP, ADP, and 2-oxoglutarate regulate the interaction between these three proteins and how DraG discriminates GlnZ from its close paralogue GlnB. membrane sequestration | nitrogenase regulation | PII protein | ammonium transport | ADP ribosylation N itrogen is an indispensable element for life. In bacteria and plants, many aspects of the regulation of nitrogen metabolism are controlled by a class of ubiquitous proteins called P II signal transduction proteins (1) (2) (3) (4) . P II proteins are present in all domains of life and are one of the most widely distributed signal transduction proteins in nature: some prokaryotes encode multiple P II homologues (2, 3) . P II proteins act as a central processing unit receiving signals of carbon, energy, and nitrogen levels, integrating and transforming them into different P II conformational states. The multitude of P II conformations control their ability to interact with, and thus regulate the activity of, a variety of target proteins including transporters, enzymes, and transcriptional regulators (4) . P II proteins form compact barrel-shaped homotrimeric structures, in which each monomer is 12-14 kDa containing three functionally important loops: the T-, B-, and C-loops (4) . The 20-residue long T-loop is structurally very flexible and participates in protein interactions in all the structures of P II -target complexes solved to date. The T-loop also contains the site of posttranslational modification if it is needed. In Proteobacteria, Y51 in the T-loop is subjected to reversible uridylylation in response to the cellular glutamine levels (5) . The effector molecules ATP, ADP, and 2-oxoglutarate (2-OG) influence the conformational states of P II proteins by specifically binding in the three lateral intersubunit clefts of the trimer. The nucleotide binding sites are mainly formed by the B-and C-loops from opposing subunits; ADP and ATP can occupy these sites competitively (4, 6) . The recent structures of Azospirillum brasilense GlnZ (7) and of Synechococcus elongatus P II (8) revealed that the P II 2-OG binding site is also located in the intersubunit cleft adjacent to the nucleotide binding pocket.
Structures of P II proteins complexed to three different targets have been solved. The Escherichia coli GlnK-AmtB complex shows a trimer : trimer stoichiometry (9) and has been well characterized genetically and biochemically. In this complex, ADP occupies the three nucleotide binding sites of GlnK; the T-loop adopts an extended structure in which the conserved GlnK residue R47 at the apex of the T-loop inserts deeply into the cytoplasmic pore exit of the AmtB channel, thereby blocking ammonia conduction.
The P II -NAGK (N-acetylglutamate kinase) complexes formed both in the cyanobacterium Synechoccocus elongatus and the plant Arabidopsis thaliana (10, 11) have a 1∶2, NAGK hexamer : P II trimer, stoichiometry. This interaction relieves the feedback inhibition exerted by arginine over NAGK. Two surfaces of P II are important for NAGK contacts, one in the P II trimer body and the other in the T-loop. The interaction between these proteins is favored by the presence of Mg-ATP and disrupted by the addition of 2-OG.
The third P II complex structure is that of S. elongatus P II with another of its targets, the PipX protein (12, 13) . PipX is a coactivator of the cyanobacterial transcription factor NtcA (14) , and P II interaction with PipX prevents activating NtcA. One P II trimer binds to three monomers of PipX through the extended P II T-loops. ADP is bound to P II in one structure (12) and its presence is known to enhance binding affinity (14) .
A. brasilense is a Gram-negative bacterium that can fix nitrogen under microaerobic conditions through the action of the enzyme nitrogenase. In A. brasilense, and in some other diazotrophs including Rhodospirillum rubrum, nitrogenase activity is regulated at the posttranslational level by reversible ADP-ribosylation of the dinitrogenase reductase component of nitrogenase, encoded by NifH (2, 15) . ADP-ribosylation of R101 in one subunit of the dimeric NifH is catalyzed by dinitrogenase reductase ADP-ribosyltransferase (DraT) resulting in NifH inactivation (16) . The reverse reaction is catalyzed by the dinitrogenase reductaseactivating glycohydrolase (DraG) restoring nitrogenase activity (17, 18) . The signal for nitrogenase inactivation is either the presence of ammonium in the environment or the energy depletion that occurs by shifting the organism from microaerobic to anaerobic conditions (15) . The prevailing environmental conditions determine the activity status of both the DraT and DraG enzymes, and although very little is known regarding the anaerobic response, a model for the ammonium signalling pathway has emerged recently (6) .
Several lines of evidences showed that both the DraT and DraG activities are regulated by interaction with P II proteins (6, 19, 20) of which A. brasilense encodes two paralogues, namely GlnB and GlnZ (21) . DraT interacts with GlnB while DraG interacts with GlnZ, in vitro these two protein complexes are stabilized by ADP and disrupted in the presence of MgATP and 2-OG (6). Upon an ammonium upshift, GlnB interacts with and presumably activates DraT, promoting NifH inactivation through ADP-ribosylation. In the meantime, the membrane ammonium transport protein AmtB interacts with GlnZ (presumably with ADP bound), which recruits DraG to form a ternary complex. DraG membrane sequestration by the AmtB-GlnZ pair is presumed to result in DraG inactivation, either by conformational change, by NifH inaccessibility or by physical separation from its substrate NifH (6, 19, 20, 22, 23) .
Here we describe the crystal structure of the GlnZ-DraG complex at 2.1 Å, we propose a model of the AmtB-GlnZ-DraG ternary complex, and we examine whether NifH could still productively bind to DraG complexed with GlnZ. The GlnZ-DraG complex is the first P II complex structure where most of the T-loop does not participate in protein-protein contacts, thus expanding the structural diversity of P II interactions with protein targets. The structure of the complex, together with site-directed mutagenesis studies, explains the sensitivity of the GlnZ-DraG complex to ATP and 2-OG and why DraG interacts with GlnZ but not with its closely related paralogue GlnB.
Results and Discussion
Crystal Structure and GlnZ-DraG Interface. The GlnZ-DraG complex reconstituted in vitro was purified by gel filtration chromatography and crystallized in the presence of ADP. Crystals diffract to 2.1 Å and the structure solution was performed by molecular replacement using MOLREP within the ccp4i suite (24) using as search models GlnZ -PDB ID 3MHY (7) and DraG -PDB ID 3G9D (25) .
The structure of the trimeric GlnZ-DraG complex is shown in Fig. 1A : three DraG monomers interact with one GlnZ trimer, the three nucleotide binding sites of GlnZ are occupied by ADP. The T-loop of GlnZ (residues 37-55) is only ordered at its base (up to K40 and again from V53). The metal binding sites at the active site of DraG are occupied by two Mg 2þ ions as observed in the previous structure of DraG [PDB ID 3G9D, (25) ].
Each DraG molecule is bound to the lateral face of the barrelshaped GlnZ trimer, at the interface region between two GlnZ chains (Fig. 1) . The total buried surface area in one such interface amounts to 2;091 Å 2 to which the two GlnZ chains (B and B') contribute 1,367 and 724 Å 2 respectively. The interatomic contacts are predominantly polar or mixed (polar-nonpolar) and only 31% are nonpolar. A major part of the interface involves residues from the exposed face of DraG α-helix 5 (D100, R103, R104, R107, I110, M111, and H112) which form numerous polar and nonpolar contacts with one GlnZ chain (GlnZ-B). The respective GlnZ residues are located in segments S1 (T21-I25) and S2 (D68-V73) and at the C terminus (R101-L112) (Fig. 1B, Fig. S1 , S2, and Table S1 ). The C-terminal carboxylate of GlnZ is prominently involved in salt bridge interactions with three arginine guanidinium groups, two from DraG (R104 and R107) and one from its own chain (R101). The side chain of M111 is buried in a hydrophobic pocket formed by GlnZ residues L23, I25, Q69, Q72, and V73. Moreover, residues R38, K40, R85, and I86 from the adjacent GlnZ chain (GlnZ-B') interact with DraG via residues W50, L51, V96, and D97 ( Fig. S1 and Table S1 ). Unlike in all other known structures of complexes of P II proteins with target proteins (AmtB, NAGK, PipX) the T-loop remains largely disordered after complex formation with DraG. This disorder is not unexpected considering that formation of the ternary complex DraG-GlnZ-AmtB is predicted to involve mainly interactions between AmtB and the T-loop as will be discussed later.
The Role of P II Protein Effectors in GlnZ-DraG Complex Formation. Previous in vitro studies have shown that the GlnZ-DraG interaction is stabilized by ADP and is prevented in the presence of ATP and 2-OG (6, 23) . To further investigate the thermodynamics of the GlnZ-DraG interaction, ITC experiments were carried out by titrating DraG into a solution containing GlnZ saturated with ADP. The isothermograph was fitted to a one-set-of-sites model yielding a K d 1.5 AE 0.1 μM with a stoichiometry of 1.03 AE 0.01 (monomer∶monomer) (Fig. 2) in agreement with the stoichiometry observed for the crystallized complex. The modest strength of this protein-protein interaction is in line with the relatively low percentage of nonpolar contacts. No interaction between DraG and GlnZ was detected by ITC in the absence of ADP (Fig. 2) .
The stabilization of the GlnZ-DraG complex by ADP appears sensible as this complex binds to AmtB and ADP is known to favor formation of the GlnZ-AmtB complex (23) . In this way ADP-GlnZ/DraG is predisposed for efficient interaction with AmtB. Superposition of ADP-GlnK from the E. coli AmtB-GlnK complex [2NUU, (9) ], or ADP-P II from the S. elongatus PipX-P II complex [3N5B, (13) ], on the ADP-GlnZ structure in the A. brasilense GlnZ-DraG complex confirms that the ADP binding mode is essentially the same in all three complexes. In particular, the ADP bound state is characterized by interactions of the main chain N-H groups of T-loop residues R38 and Q39 with the α-phosphate of ADP and also by the side chain interaction between residues Q39 and K58 (13) . To determine the role of GlnZ Q39 in interaction with DraG and AmtB a GlnZ Q39K mutant was obtained, purified, and assayed for in vitro interaction with a His-tagged version of DraG or AmtB by pull-down (Fig. S3) . In contrast to the wild-type protein, the Q39K mutant did not inter- act with His-DraG or His-AmtB in the presence of ADP (Fig. S3) , indicating that the Q39-K58 interaction is indeed critical to position the GlnZ T-loop in a conformation compatible with DraG and AmtB interaction. As previously discussed (7) the local N-terminal T-loop structure (residues 37-40) is quite different in P II proteins complexed with MgATP, with MgATP/2-OG, or with ADP. In these comparisons, the K58 ammonium group interacts with E44, the 5-carboxy moiety of 2-OG and the carboxamide group of Q39 respectively. Inspection of the GlnZ-DraG complex structure shows that for the MgATP and MgATP/2-OG binding modes the respective local T-loop structures are incompatible with DraG binding. The conformation of the GlnZ C terminus is very similar in the complexes with MgATP/2-OG and ADP/DraG and a role of this structural element in the regulation of DraG binding is not indicated.
DraG Specificity for GlnZ vs. GlnB. A. brasilense encodes two P II proteins, GlnB and GlnZ. Even though these two proteins are 67% identical in amino acid sequence they have specific functions. In vitro, GlnZ only interacts with DraG and GlnB only interacts with DraT at detectable levels (6, 20) . Similarly, GlnB, but not GlnZ, activates the nif gene transcriptional regulator NifA (21, 26) and GlnB is more efficient than GlnZ in the regulation of the NtrB/NtrC two component system (19, 21) . The only known common protein target for these paralogues is the ammonium transport protein AmtB (23) .
Sequence alignment of A. brasilense GlnB and GlnZ reveals that of the 11 GlnZ residues that participate in side chain contacts with DraG, six differ between the two P II proteins (Fig. S4 ).
These six residues are all located in the structurally adjacent chain segments S1 and S2, suggesting that the corresponding surface is the main determinant of GlnZ specificity for interaction with DraG. To test this hypothesis we constructed two GlnZ mutants: (D68S and D68S,Q69L) and two chimeric proteins: one with the N terminus of GlnB (up to I91) and the C terminus of GlnZ, named GlnBZ1, and the other with the N terminus of GlnZ (up to A48) and C-terminal of GlnB, named GlnZB1. All these proteins were purified and assessed for in vitro interaction with a His-tagged version of DraG using pull-down assays (Fig. 3A  and Fig. S3 ).
In the presence of ADP, GlnZ but not GlnB coeluted with His-DraG confirming previous results (Fig. 3A) . GlnZ D68S coeluted with His-DraG (Fig. 3A) though the amount of the coeluted protein was lower than with wild-type GlnZ, suggesting a less stable interaction. GlnZ D68S Q69L and the GlnBZ1 and GlnZB1 chimeras did not coelute with His-DraG at detectable levels which is consistent with an important role of residues of segment S2 in GlnZ vs. GlnB discrimination. We suggest that GlnZ residues T21 and L23, located in segment S1, also contribute to specificity as their substitutions in GlnB (H21 and V23) are predicted to perturb the local van der Waals packing significantly.
The GlnZ T-loop deletion (ΔQ42-S54) coeluted with HisDraG in greater amounts than the wild-type protein suggesting a more stable interaction (Fig. 3A) . Possibly, this additional stabilization may have an entropic origin, as the long wild-type T-loop may pay a larger entropic penalty than the truncated variant upon binding (more T-loop conformations will become forbidden by DraG-caused steric exclusion).
In the presence of ATP, none of the P II proteins coeluted with His-DraG at detectable levels in Coomassie stained gels (Fig. 3A) . All the P II mutants responded as expected regarding motility in native gels (Fig. S5) , interaction with His-AmtB and in vitro uridylylation assays (Figs. S6 and S7), supporting the proposition that the nucleotide and 2-OG binding sites, as well as the quaternary structures were not significantly affected by the various mutations.
Comparison of GlnZ-DraG Complex with the Putative GlnJ-DraG
Complex in R. rubrum. Nitrogenase regulation by the DraT and DraG enzymes has been most fully described in A. brasilense and R. rubrum (21, 27) . R. rubrum encodes three P II paralogues, namely GlnK, GlnB, and GlnJ (28) . Despite their marked similarity (Fig. 1C) , GlnJ seems to be more important than the other paralogues for inactivation of DraG via AmtB-mediated membrane sequestration (29) . Alignment of the DraG and P II amino acid sequences (Fig. S4) and comparison of the A. brasilense (25) and R. rubrum DraG crystal structures (30) revealed that many contacts mapped in the A. brasilense GlnZ-DraG complex, are predicted to be conserved in the R. rubrum GlnJ-DraG complex (Table S1 ). In only a few cases there are changes in one or both proteins that could enable modified contacts. Moreover, based on these comparisons, discrimination of R. rubrum GlnK and GlnB appears likewise to reside in chain segments S1 and S2.
One example of a modified interaction is that of A. brasilense GlnZ R103 with DraG D100 which is N100 in R. rubrum. In vivo studies showed that a R. rubrum DraG N100K variant lost regulation by ammonium, and this is predicted from our structure because the DraG K100 interaction with GlnJ R103 and the nearby R38 residues would be repulsive, thereby disfavoring complex formation (29, 31) . A case of two complementary changes is the interaction of A. brasilense DraG H112 with GlnZ D68 which become substituted by E112 and N68 respectively in R. rubrum permitting a similar side chain interaction. In R. rubrum GlnB and GlnK N68 is substituted by Alanine and Glycine respectively which both would unfavorably affect this contact.
In Vitro DraG Activity. As the natural substrate for DraG, namely ADP-ribosylated NifH, is highly oxygen sensitive, a low molecular weight alternative substrate, dansil-arginine-ADP-ribose (DAAR), was used to assess in vitro DraG activity. The results indicate that DraG has the same activity whether alone, in the presence of GlnZ, or in the presence of both GlnZ plus AmtB (Fig. 3B) . Pull-down experiments indicated that the AmtBGlnZ-DraG ternary complex was formed under similar conditions used to measure DraG activity (Fig. S2) . These results suggest that DraG activity on this small substrate is not affected by binding to GlnZ and AmtB.
Superposition of the free and GlnZ-bound DraG structures reveals that they are very similar including the DraG active site consistent with the maintenance of intrinsic enzymatic activity. Furthermore, inspection of the surface of the GlnZ-DraG complex shows that the DraG active site would be accessible to a low molecular weight substrate like DAAR despite the fact that the GlnZ binding site is relatively close to the DraG active site cavity (Fig. 1) . This accessibility of the DraG active site is also apparent in a putative structural model of the AmtB-GlnZ-DraG ternary complex. This model was generated by superposition of the P II trimers of the E. coli AmtB-GlnK and the A. brasilense GlnZDraG complex structures (Fig. 4A) . The two PII trimers superpose with a low rmsd of 0.67 Å (Cα positions of residues 1-39 and 56-112). The model illustrates that simultaneous binding of GlnZ to both AmtB and DraG is structurally feasible. Ordering the disordered T-loops of DraG-bound GlnZ in the extended conformation observed in AmtB-bound GlnK is sufficient to enable the expected conserved interaction with AmtB. That interaction requires small shifts of residues 40 and 53-55, in between which the T-loop is disordered in the Drag-GlnZ complex. These shifts can occur without affecting any protein-protein interactions of the two binary complexes, in particular the interactions of the charged GlnZ side chains R38 and K40 with DraG can be perfectly maintained. A. brasilense AmtB shares 50% sequence identity with E. coli AmtB and a very similar structure can be safely predicted. The model shown is thus likely to be close to the unknown structure of the A. brasilense AmtB-GlnZ-DraG ternary complex (9).
The A. brasilense AmtB-GlnZ-DraG Ternary Complex and Regulation of DraG Activity. The current model for the regulation of DraG activity in A. brasilense suggests that in response to an ammonium upshift, DraG interacts with the AmtB-GlnZ complex on the cell membrane, and that this process inactivates DraG by a yet unidentified mechanism (9) . Disruption of the A. brasilense glnZ gene does not dramatically affect DraG regulation in vivo (32) . It was therefore postulated that in the absence of GlnZ, GlnB could bind DraG (albeit more weakly than GlnZ, explaining why no GlnB-DraG interaction is detected in pull-down assays) and regulate its activity (32) . Conversely, disruption of the A. brasilense amtB gene prevents both the ammonium-induced membrane sequestration and the inactivation of DraG in vivo suggesting that DraG is only inactivated when bound to the membrane in the AmtB-GlnZDraG complex (9) . Consequently either the binary GlnZ(ADP)-DraG complex is active on the 66 kDa ADP-ribosylated NifH dimer or the binary complex is not stable enough in vivo.
The large size of the natural substrate NifH and the fact that the ADP-ribosylated R101 is located on a rigid structural element of NifH and not on a flexible peptide segment makes it attractive to consider steric hindrance as the mechanism of DraG inactivation upon complex formation with GlnZ or GlnZ-AmtB. Using the NifH structure of Azotobacter vinelandii as a model (PDB code 1G21) we have evaluated possibilities how ADP-ribosylated NifH could be docked into the DraG active site in a stereochemically satisfactory fashion without causing severe main chain clashes between the two proteins (see SI Materials and Methods). Although our docking attempts are based on avoiding steric clashes and do not consider detailed protein-protein interactions the results strongly indicate that simultaneous binding of GlnZ and NifH is impossible because of massive interpenetration of the two proteins for all considered NifH docking modes (illustrated for the best solution in Fig. 4B ). Thus, from structural considerations it appears very unlikely that the binary complex would allow the active site of DraG to contact NifH R101. If this proposition is correct, one would have to postulate that the binary complex is not stable enough for efficient DraG inactivation in vivo and that ternary complex formation with AmtB is required. Experiments using ADP-ribosylated NifH as substrate will be necessary to clarify whether the proposed mode of DraG inactivation is correct.
Final Remarks. The structure of the A. brasilense GlnZ-DraG complex reveals a different form of P II protein target interaction and provides the structural basis of how P II proteins can engage simultaneous interaction with two different targets (AmtB and DraG). Together with mutagenesis experiments the binary complex structure reveals which structural elements contribute to GlnZ vs. GlnB specificity for DraG. Although the structure does not resolve the mode of DraG regulation with certainty it strongly suggests steric hindrance as the mechanism for DraG inactivation. DraG belongs to a family of widely distributed and structurally conserved enzymes, the ADP-ribosyl-hydrolases (33) . However, despite the ubiquity of these enzymes very little is known about their function and regulation. DraG is the best studied mono-ADP-ribosyl-hydrolase and the only one studied at the structural level whose cognate substrate is known. The identification of the region near A. brasilense DraG helix 5 as the binding site of a regulatory protein together with the fact that this helix is present in DraG orthologues may help to elucidate the mechanism of regulation of other ADP-ribosyl-hydrolases.
Materials and Methods
DraG and GlnZ purifications were carried out as described (20) . Crystallization, data collection, and structure determination and model building were carried out using standard protocols. The table of data collection and refinement statistics (Table S2 ). Biochemical and biophysical characterization of the GlnZ-DraG complex and modelling of a putative DraG-NifH complex are described in detail in SI Materials and Methods.
Coordinates and structure factors of the Azospirillum brasilense GlnZDraG complex with ADP have been deposited in the PDB under ID code 3O5T.
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SI Materials and Methods
Protein Purification and GlnZ-DraG Complex Formation. GlnZ and DraG purifications were carried out as described (1), except that the buffer used for gel filtration of both proteins was 50 mM TrisHCl pH 7.5, 100 mM NaCl, 10% glycerol. The column used for gel filtration was a Superdex 75 10∕300, a manually packed column with bed volume of 24 mL. Purified proteins (GlnZ and DraG) were incubated with 5 mM MgCl 2 and 1 mM ADP at 4°C overnight. The concentration of the proteins was 0.4 μmol of GlnZ monomer and 0.4 μmol of DraG monomer. The gel filtration of the complex was performed with the same column after incubation and the GlnZ-DraG complex was eluted as a single symmetrical peak.
Crystallization and Data Collection. The complex was concentrated to ∼13 mg∕mL. Crystallization was setup with drops containing 200 nL of protein and 200 nL of precipitant with various commercially available screens. Screening of crystals was performed using a Hamilton nanoliter-drop-dispensing robot available at the Swiss Light Source (SLS) crystallization facility. Crystals appeared in various conditions. One of the crystals diffracted to about 2.1 Å. Data from a flash-cooled crystal (nitrogen gas stream at 100 K) was collected at the SLS beamline X10SA at a wavelength of 1 Å. The crystal belongs to space group H3. Diffraction data were collected using a rotation angle of 0.5°per image on a MarCCD225 detector. Several datasets were collected and processed using XDS (2, 3) . The data were further evaluated using phenix.xtriage and no twinning was detected (4).
Structure Solution and Refinement. The internal processing software go.com was used for data processing, which uses XDS (2), Labelit (5), MOSFLM (6), and phenix.xtriage (4) for further data analysis in turn. Molecular replacement was performed with MOLREP within the CCP4i suite (7) using the high-resolution structures of GlnZ (PDB ID 3MHY) and DraG (PDB ID 3G9D) as search models. Initial refinement was performed using REFMAC (8) . The model was further improved in several refinement rounds using automated restrained refinement with the program PHENIX (4) and interactive modelling with COOT (9). ADP was identified in the first electron density map based on molecular replacement phases and was included in the model. The T-loop residues 41-52 appear to be disordered. The final R-factors were 0.157∕0.189 for R work and R free , respectively, and refinement statistics are listed in Table S2 . The final model was analyzed using the program MolProbity (10) . Ramachandran statistics show no outliers. All the figures were prepared using PyMOL (11) .
ITC Measurements. In order to minimize the unspecific heat and remove any aggregates, size exclusion chromatography (Superdex 200 10∕300 GL column, GE Healthcare) was performed using the very same column and buffer (25 mM Hepes pH 7.4, 140 mM NaCl, 10 mM MgCl 2 ). Concentration of the proteins was measured by UV spectroscopy in 6 M guanidinium hydrochloride (12) .
As the ITC instrument is measuring all heats associated with the given reaction it is very important to choose such a condition where only the reaction of interest is taking place, and this is especially the case for reactions where more than two binding partners are involved. Consequently we first oversaturated the GlnZ with ATP, until no reaction heat was observed. Into this solution the DraG was titrated until saturation. To saturate GlnZ with ADP 33.7 μM of protein was titrated with 3 mM ADP. To the saturated protein solution (starting concentration of 30.1 μM GlnZ) was titrated with 650 μM DraG.
All reactions were performed on an iTC 200 (GE Healthcare) at 25°C. Data analysis was carried out using Origin 7 (OriginLab) software with the ITC plug-in as supplied by the manufacture.
Construction of the P II Mutant Proteins. The GlnZ mutants D68S, Q69L, and Q39K were obtained using the QuickChange Multi Site-Directed Mutagenesis kit (Agilent) using the pMSA4 plasmid as template (1) . Mutagenic primers where synthesized accordingly to the manufactures instructions. The mutant plasmids were screened by DNA sequencing of the entire glnZ gene.
To construct the gene coding for the GlnBZ1 chimera, the glnZ coding plasmid pMSA4 was digested with BglII removing 269 bp of the glnZ 5' coding region. The glnB 5' coding region was removed from pLH25PET plasmid (13) by digestion with BglII and ligated to the previous BglII digested pMSA4. Recombinant plasmids with DNA insert in the correct orientation were screened by restriction analysis and confirmed by DNA sequencing. The plasmid coding for the GlnZB1 chimera was constructed by removing 200 bp the SacII / BamHI fragment of pMSA4 and exchanging it for the SacII / BamHI of pLH25PET.
All the P II mutants and the chimeras where expressed in Escherichia coli BL21 after IPTG induction and purified using a Hitrap Heparin column as described (1) .
Purification of His-AmtB, His-GlnD, and His-DraG. The Azospirillum brasilense His-AmtB, His-GlnD, and His-DraG proteins were purified as described (14, 15) .
Interaction Assay In Vitro. In vitro protein interaction assays were performed as described with minor modifications (14) . All reactions were conducted in buffer containing 50 mM Tris-HCl pH 8.0, 0.1 M NaCl, 0.05% LDAO, 10% glycerol, 20 mM imidazole in the absence or presence of effectors (1 mM ADP or ATP) as indicated. 12.5 μL of Ni 2þ magnetic beads (Promega) were equilibrated by one wash with 200 μL of buffer. Binding reactions were performed in 500 μL of buffer by adding purified proteins: 10 μg His-DraG or 5 μg His-AmtB and 10 μg P II (wild type or mutants), in this order. After 5 min, beads were washed three times with 300 μL of buffer. Elution was performed with 20 μL of buffer containing 0.5 M imidazole. Eluted samples were analyzed by SDS-PAGE stained with Coomassie blue.
Synthesis of Dansyl-Arginine-ADP-Ribose. Dansil-arginine-ADPribose (DAAR) was synthetized as described previously (16) . Commercial dansyl-arginine 3.5 mM (Sigma) was ADP-ribosylated in vitro using 50 μg of purified cholera toxin (Sigma) in phosphate buffer (8.5 g∕L of NaCl, 7 g∕L of K 2 HPO 4 , 3 g∕L of KH 2 PO 4 , pH 7.2), containing 15 mM dithiotreitol and 5 mM β-NAD þ . The reaction was incubated over night at 25°C. The reaction was monitored by silica thin layer chromatography and by MALDI-TOF mass spectrometry. DAAR was purified by MonoQ anion exchange chromatography (GE-Healthcare). The column was equilibrated with 50 mM Tris-HCl pH 8 and eluted with a linear gradient of NaCl in the same buffer. Elution was monitored by absorption at 250 nm, DAAR peaked at 250 mM of NaCl. The most concentrated samples were pooled, diluted in 50 mM Tris-HCl pH 8 and passed again through the MonoQ column. This second passage was necessary to completely eliminate the free dansyl-arginine from DAAR as monitored by TLC and MALDI-TOF. Quantification of DAAR was performed by Nanodrop spectrophotometry using an extinction coefficient of 20.2 mM −1 . cm −1 UV 256 nm in formic acid (16) .
Determination of DraG Activity. The DraG activity was determined by the release of dansyl-arginine after incubation of the DAAR substrate with the enzyme. Assays were performed in buffer containing: 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.05% LDAO, 1 mM ADP and 20 mM MgCl 2 . 10 ng of DraG was incubated in the presence or absence of 80 ng of GlnZ and 600 ng of HisAmtB. Reactions were equilibrated at 30°C for 5 min and started with the addition of 2 μL of DAAR 208 μM to a final reaction volume of 10 μL. Control reactions were linear until about 25% of the substrate was hydrolyzed which occurred after 10-15 min of incubation. The assays were terminated after 5 min, within the linear range of the reaction, by the addition of 1 μL of 500 mM EDTA pH 8. 1 μL of the reaction was spotted twice on a silica TLC plate. All reactions were performed in duplicated tubes.
Separation of DAAR from cleaved dansyl-arginine was performed by TLC using butanol : acetic acid : water (4∶1∶2) as the mobile phase. Dansyl-arginine was visualized by exposing to UV 365 nm and recording the visible fluorescence using a CCD camera (UVP). Quantification of dansyl-arginine was done using Labworks software (UVP) comparing the fluorescent signal of the reaction products to a standard solution of dansyl-arginine on the same TLC plate. The results reported are average values AE standard deviation obtained from independent reaction tubes.
Docking of Nitrogenase NifH to DraG. Docking of the NifH dimer [from Azotobacter vinelandii nitrogenase complex structure, 1G21; (17)] was done as follows: (i) the R101 side chain of one NifH subunit (R100 in A. vinelandii NifH) was covalently linked to ADP-ribose [positioned in DraG as observed in structure 2WOE and with only one Mg 2þ ion coordinated to the 2′-and 3′-hydroxyls of the ribose ; (18) ], (ii) the NifH dimer was manually positioned such that steric overlap was avoided at the main chain level, and (iii) the local conformation of selected active site residues including the ADP-ribosylated R101 and the active site Mg 2þ ion were optimized using a united atoms force field as implemented in Moloc (19) .
The goal of this modeling was to examine whether the existence of a ternary NifH-DraG-GlnZ could be ruled out for steric reasons. The NifH docking shown in Fig. 4B is the best model which could be generated as it avoids any main chain overlap of the two proteins (all Cα-Cα distances >4 Å) and maintains covalent linkage of R101 to the ADP-ribose in a stereochemically satisfactory fashion. The ADP-ribosylated R101 side chain was found to have to be in an extended conformation to find candidate solutions with no or moderate DraG-NifH overlap at all. To first approximation all possible docking modes (enabling covalent linkage of R101 to DraG-bound ADP-ribose) are related by rotation of the NifH dimer around the long axis of the modified R101 side chain. In all orientations except two (related by an approximate 180°rotation) larger changes in surface loop main chain structure would be needed to avoid severe steric clashes. Strikingly, all orientations show massive interpenetration of NifH with GlnZ essentially ruling out the possibility of their simultaneous binding independent of the choice of one particular docking orientation. 2) . The eluted fractions were subjected to SDS-PAGE, the gels were silver stained. Arrows indicate the identified proteins.
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His-AmtB P II GlnZ GlnZ Q39K B A Fig. S3 . In vitro interaction between His-DraG (A) or His-AmtB (B) and various P II mutant proteins. Complex formation was assessed by coprecipitation using Ni 2þ beads. Reactions were performed in the presence of 1 mM ADP. Binding reactions were conducted in 500 μL of buffer adding 10 μg of His-DraG (A), or 5 μg of His-AmtB (B), and 10 μg of the indicated purified P II protein. The eluted fractions were subjected to SDS-PAGE, the gel was Coomassie blue stained. Arrows indicate the identified proteins.
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C-terminal Fig. S4 . Clustal W sequence alignment of A. brasilense (Ab) and R. rubrum (Rr) P II (A) and DraG (B) proteins. Residues involved in polar contacts within the GlnZ-DraG complex are indicated by arrows (red for side chain, black for main chain contacts). Blue bars indicate the position of amino acid exchanges in the engineered chimeric GlnB/GlnZ proteins. Sac II cuts between codons for residues 48-49, and Bgl II cuts between the codons for residues 91-92. The GlnZ residues participating DraG interactions are marked with black lines on the top of the sequence alignment, namely S1 (T21-I25), S2 (D68-Q72), and C terminus (R101-L112).
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GlnZ Q39K Fig. S5 . Native-PAGE analysis of the various P II mutant proteins. 1 μg of the indicated purified P II was analyzed by Native-PAGE, the gel was Coomassie blue stained.
